A vast amount of work has been dedicated to the effects of shear flow and cytokines on leukocyte transmigration. However, no studies have explored the effects of substrate stiffness on transmigration. Here, we investigated important aspects of endothelial cell contractionmediated neutrophil transmigration using an in vitro model of the vascular endothelium. We modeled blood vessels of varying mechanical properties using fibronectin-coated polyacrylamide gels of varying physiological stiffness, plated with human umbilical vein endothelial cell (HUVEC) monolayers which were activated with tumor necrosis factor-alpha.
Introduction
Leukocyte transmigration through the vascular endothelium is a crucial step in the normal immune response. However, it is a complicated biological process which involves many proteins and requires a coordinated effort between the leukocytes and endothelial cells (ECs).
The biophysical aspects of leukocyte transmigration are also important, 1 as mechanical force transmission is an essential regulator of vascular homeostasis. It is likely that the mechanical properties of the vasculature depend on both vessel size (large vessels versus microvasculature) and location (soft brain versus stiffer muscle or tumor). Further, in the cardiovascular disease of atherosclerosis, the arteries stiffen [2] [3] [4] [5] as an increased number of leukocytes penetrate the endothelium, and tumor vasculature is also stiffer. 6 However, it is unknown how changes in vessel stiffness affect the behavior of the ECs lining the blood vessel, or the behavior of the leukocytes migrating along and transmigrating through the endothelium.
Interestingly, polymorphonuclear neutrophils are capable of sensing differences in both substrate stiffness [7] [8] [9] and surface-bound adhesion proteins. 8 Therefore, we would expect neutrophils to be capable of sensing similar changes which may occur in their physiological substrate, the endothelium.
The mechanical properties of ECs are affected by a number of physiological factors, including shear stress, 10 cholesterol content, 11, 12 and oxidized low-density lipoprotein. 13 Furthermore, neutrophil adherence to ECs increases EC stiffness, likely due to signaling cascades which induce rearrangement of the actin cytoskeleton. 14, 15 However, little is known about the effects of substrate stiffness on the biophysical properties of healthy or inflamed EC monolayers. Single EC stiffness increases with substrate stiffness, 16 though cells in monolayer may show different behavior than single cells, as the degree of cell-cell adhesion also contributes to cell stiffness. 17 For personal use only. on . by guest www.bloodjournal.org From 
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Neutrophil adherence to the endothelium has been shown to regulate EC gap formation through a cytosolic calcium-dependent mechanism. 18 Myosin light chain kinase (MLCK) is activated downstream of calcium-calmodulin binding and phosphorylates myosin light chain, which activates myosin and induces EC contraction, leading to formation of gaps and subsequent regulation of neutrophil transmigration. 19, 20 Consistent with this cascade, leukocyte adhesion and transmigration increase the magnitude of EC traction forces exerted onto the substrate. 21, 22 Because cells are capable of exerting larger traction forces onto stiffer substrates, 23 the MLCK-mediated signaling cascade induced by neutrophil adhesion may depend on the mechanical properties of the EC substrate, possibly leading to changes in transmigration.
In this work, we designed an in vitro model of the vascular endothelium to explore the role of EC substrate stiffness in neutrophil transmigration. Neutrophils primarily transmigrate in the microvasculature, the mechanical properties of which likely vary with health and in different regions of the body. Thus, we used fibronectin-coated polyacrylamide gel substrates of varying physiologically-relevant stiffness 4, 24, 25 (0.42 kPa -280 kPa). We plated human umbilical vein endothelial cells (HUVECs) onto the gels, allowed them to form monolayers, and activated them with tumor necrosis factor-alpha (TNF-α) to stimulate an inflammatory response. TNF-α treatment induced significant changes in the endothelium, including softening, local alignment, enlargement, elongation, and cytoskeletal rearrangement. We then added neutrophils to the endothelium ( Fig. 1A ) and observed transmigration. Interestingly, neutrophil transmigration increased with increasing substrate stiffness below the endothelium. To explain this, we first evaluated the effects of substrate stiffness on a range of HUVEC properties, including intercellular adhesion molecule-1 (ICAM-1) expression, cell stiffness, F-actin organization, cell morphology, and cell-substrate adhesion. Once the HUVECs were activated with TNF-α, these properties could not account for the higher fraction of transmigrated neutrophils on stiffer
For personal use only. on July 14, 2017. by guest www.bloodjournal.org From 5 substrates. Meanwhile, inhibition of MLCK or myosin II decreased transmigration on stiff substrates, while transmigration on soft substrates was unaffected. In addition, on stiff substrates, we observed formation of large holes in the monolayers as ECs retracted; hole formation initiated as neutrophil transmigration reached a maximum. These results provide strong evidence that neutrophil transmigration is regulated by MLCK-mediated EC contraction, and that this phenomenon depends on substrate stiffness. These results may also be associated with cardiovascular disease biology, where increased arterial stiffness is coupled with increased leukocyte transmigration.
Materials and methods

Substrate preparation and characterization
Thin polyacrylamide gels were attached to glass coverslips by a method first described by Wang and Pelham 26 and used in our previous publications. 8, 27 Concentrations in this work included 15% acrylamide + 1.2% bis (280 kPa), 8% acrylamide + 0.2% bis (13 kPa), 8% acrylamide + 0.07% bis (5 kPa), 8% acrylamide + 0.04% bis (4 kPa), 5% acrylamide + 0.05% bis (3 kPa), 3% acrylamide + 0.1% bis (0.87 kPa), and 3% acrylamide + 0.05% bis (0.42 kPa).
Gels (~80 μ m thick) were coated with 0.1 mg/mL fibronectin (Sigma, St. Louis, MO), also as previously described. 8 Young's moduli of the gels were determined using dynamic mechanical analysis and atomic force microscopy, 8, 27 and characterization of surface-bound fibronectin was done using immunofluorescence to ensure equal protein presentation with stiffness. 8, 27 For experiments on glass, coverslips (22x22 mm, Fisher Scientific, Pittsburgh, PA) were coated with 0.1 mg/mL fibronectin for 2 hours at room temperature. 
Transmigration assays
Neutrophils were isolated from human blood as previously described in our work. minute sequence by the total number of neutrophils (typically around 50) in the first frame of that sequence. Neutrophils which entered or exited the field of view later during the sequence were not counted. All experiments were repeated at least 3 times. Neutrophil injury to the monolayer was quantified by counting the number of visible holes in the monolayer in images at various timepoints after plating neutrophils. Number of holes was normalized to total image area.
Outlines of holes were traced by hand and area was quantified using ImageJ (National Institutes of Health, Bethesda, MD).
Immunostaining
HUVEC monolayers were fixed, permeabilized, and blocked for non-specific binding as previously described. 17 Innovations, Inc., Denver, CO). Cell morphology (area and aspect ratio) and vinculin punctate size and density were measured using the fluorescence images and Image J as previously described. 17 Here, β -catenin-stained cell morphology was measured by applying an edge detector filter, thresholding the images, and then using the particle analyzer in ImageJ.
Atomic force microscopy
Young's moduli of live HUVEC monolayers were measured using an atomic force microscope (AFM; Agilent, Santa Clara, CA) with a silicon nitride cantilever (Novascan, Ames, IA) with a spherical glass SiO 2 probe of diameter 5 µm. Our AFM methods have previously been described in detail. 17 Gel substrates with HUVEC monolayers attached were positioned under the AFM tip and typical force curves were captured for at least 100 different locations along each of 3 independent samples per condition. In a custom-written Matlab (The MathWorks, Natick, MA) program, data were fit to the Hertz-Sneddon model 32 for a paraboloid indenter:
is the force exerted by the paraboloid indenter, E is the Young's modulus of the cell, R is the radius of curvature of the indenter, and δ is the distance of the indenter from the sample. The cells were assumed to be nearly incompressible 34 and therefore it was assumed that υ = 0.45 was the Poisson's ratio of the elastic halfspace. The Young's modulus was found for each force curve using the fitting algorithm and average Young's modulus was computed by averaging all force curves for a given condition.
Gels were ~80
μ m thicker than the indentation depth (<200nm), so that the stiffness of the glass coverslip did not affect force curves. Cells within the monolayers were probed at both the "cell body" (the raised portion), as well as at the cell "periphery" (near the base of the cell body, but not at the cell-cell junctions to avoid the thinnest part of the cell). Indentations were
For personal use only. on July 14, 2017. by guest www.bloodjournal.org From 9 much smaller than the height of the sample (several microns, as measured by confocal microscopy), even at the "periphery" location. In addition, cells were probed with small forces (~2 nN). Thus, it is very unlikely that the substrate stiffness below the HUVECs affected the force curves.
Statistical analysis
Statistical tests were done between pairs of data using a Student's t-test, or among groups of data using analysis of variance (ANOVA), where P<0.05 indicated statistical significance. Following ANOVA, multiple comparisons were done using Tukey's honestly significant difference criterion. All measurements reported in this article are in the format mean ± standard error.
Results
Neutrophil transmigration increases with stiffness below the endothelium
We created an in vitro model of the vascular endothelium, where the blood vessel layers below the endothelium were represented by fibronectin-coated polyacrylamide gels of a range of stiffnesses (Fig. 1A) . HUVECs, typical cells to represent the endothelium for leukocyte transmigration in vitro, were plated at high density onto the gels to form monolayers. The endothelium was activated with TNF-α in order to induce an inflammatory response. Neutrophils were plated onto the endothelium, and we observed neutrophil activation and migration along the monolayer. Subsequently, a fraction of neutrophils transmigrated through the endothelium (Figs. 1B-C). Neutrophil transmigration was easily observed in phase contrast microscopy and was identified by a change in phase of the neutrophils, from white to dark (Fig 1D) . Neutrophils in the process of transmigrating contained both a white portion still on top of the endothelium, as well as a dark portion already beneath the endothelium ( Fig. 1D ; white arrows). Transmigration 
ICAM-1 expression does not depend on substrate stiffness
TNF-α activation of HUVECs is known to upregulate ICAM-1, which was necessary for neutrophil transmigration according to two experiments which we performed: (1) If the HUVECs were not activated using TNF-α, there was low ICAM-1 expression, and we observed that only ~1% of neutrophils transmigrated ( 
Stiffness of TNF-α-activated HUVEC monolayers varies little with substrate stiffness
Using AFM, we obtained deflection images (Fig. 3A) and then measured the stiffness (Young's modulus) of control and TNF-α-activated HUVEC monolayers on varying substrates, at both the cell body and periphery locations 17 ( Fig. 3B ). Deflection images of control monolayers revealed more disorganization on soft, 0.87 kPa substrates than on stiffer 5 kPa or 280 kPa substrates ( Fig. 3A; top) . Average stiffness of the control endothelium increased with increasing substrate stiffness at both the cell body and periphery ( Fig. 3B ; P<0.001). However, upon
For personal use only. on July 14, 2017. by guest www.bloodjournal.org From 11 treatment with TNF-α, the HUVECs on all substrates elongated, aligned, and enlarged, and no differences were observed between the three substrates in the AFM deflection images ( Fig. 3A; bottom). Further, while the stiffness of the TNF-α-activated endothelium still increased with substrate stiffness at both the cell body and periphery ( Fig. 3B; P<0 .001), the trend was much less dramatic. Interestingly, the endothelium softened with TNF-α treatment on the stiffer substrates (P<0.001). In varying substrate stiffness, the stiffness of the TNF-α-activated endothelium changed only to a small degree (~50 Pa at the cell body and ~300 Pa at the periphery).
Neutrophil transmigration injures the endothelium on stiff substrates
Prior to neutrophil transmigration, HUVEC monolayers on soft and stiff substrates were visually intact, according to phase contrast images. Interestingly, monolayers on soft substrates were nearly always still intact following neutrophil transmigration (Fig. 4A) . In contrast, neutrophil transmigration created large holes in the monolayers on stiff substrates (Fig. 4B-D , Video 3), indicating EC injury. Holes initiated as the HUVECs retracted, though they retained cell-cell adhesion on the sides opposite to retraction. In some cases, significant neutrophil accumulation beneath the endothelium created large holes (Video 3) and prevented healing (Fig. 4D) , while often the endothelium was able to heal smaller holes (Fig. 4E) . Hole formation began at 25 minutes after plating neutrophils (about the same time when the maximum fraction of neutrophils had transmigrated), reached a peak by 45 minutes, and subsequently dropped off (Fig. 5A) . Hole formation was usually initiated by neutrophils which had already transmigrated and which changed in morphology from highly protrusive ( Fig. S2 ; T=0.92 to T=2.25 minutes), to more isotropic and spread-out ( Fig. S2; T=5 .83 minutes). Holes were observed similarly when 10x10 5 or 5x10 5 neutrophils were added to the endothelium, while very few holes were 12 observed with 2x10 5 neutrophils (Figs. 5A-B ). Holes were also significantly larger on 5 kPa or 280 kPa substrates in comparison with 0.87 kPa (Fig. 5C ).
Decreasing cell-cell adhesion increases transmigration on soft substrates
To determine whether endothelial cell-cell adhesion changed with substrate stiffness, we varied the degree of cell-cell adhesion by preconditioning the TNF-α-activated endothelium for one hour with one of two treatments: (1) 10 ng/mL cytoB or (2) 
Inhibition of MLCK normalizes effects of substrate stiffness
We investigated the role of MLCK-mediated EC contraction in neutrophil transmigration as a function of substrate stiffness using the selective MLCK inhibitor ML-7 35 ( Fig. 6B ).
Transmigration through ML-7-treated HUVECs on stiff substrates (5 kPa and 280 kPa; 58±6%
and 67±5% transmigration, respectively) was reduced nearly to the level as on soft substrates with the same treatment (0.87 kPa; 45±5% transmigration) (Fig. 6B ). On 5 kPa and 280 kPa, transmigration was significantly reduced with respect to the DMSO vehicle control ( Fig. 6B; P<0.01), while transmigration on the soft 0.87 kPa substrate was not affected. Treatment of HUVECs with blebbistatin to inhibit myosin II had the same effect as ML-7 treatment (Fig. 6B ).
Very few holes formed on all substrates with ML-7 treatment. ICAM-1 expression was not affected by ML-7 treatment on any substrate (Fig. S3) . As expected, transmigration of ML-7-treated neutrophils through untreated (TNF-α only) ECs was reduced on all substrates (Fig. 6B ).
For
Discussion
Neutrophil transmigration is an important physiological process in the normal immune response and occurs in blood vessels whose mechanical properties likely depend on location within the body, size, and health. In this work, we evaluated the effects of vessel stiffness on both the endothelium properties and neutrophil transmigration. In our in vitro model, we observed that the fraction of transmigrating neutrophils increased with increasing stiffness below the endothelium, in both large vessel endothelium (HUVECs) and also in microvasculature endothelium (HBMECs) (Fig. 1B) . Because substrate stiffness is known to control many biological and biomechanical properties of cells, we evaluated an array of properties of the endothelium to explain this behavior, including EC monolayer ICAM-1 expression, stiffness, morphology, cell-substrate adhesion, cell-cell adhesion, and cell contraction. Our results provide strong evidence that substrate stiffness changes cell-cell adhesion through MLCK-dependent cell contraction.
Previous work regarding neutrophil transmigration has mostly utilized glass (stiffness ~50 GPa) or transwell filters as substrates. It is likely that blood vessel stiffness depends not only on the size and health of the vessel, but also on the location within the body, since tissues such as brain, muscle, and tumors vary in mechanical properties (see further discussion below). 36, 37 Therefore, it is more physiologically relevant to perform in vitro transmigration experiments on softer substrates in the kilopascal range of stiffness. Here, we vary the substrate stiffness of the endothelium in a controlled way in order to evaluate its contribution to neutrophil transmigration.
Our results indicate that neutrophil transmigration involves an interplay between EC contraction, neutrophil contraction, and ICAM-1 signaling. It is known that neutrophil binding to ICAM-1 on the surface of the endothelium [18] [19] [20] 38 initiates MLCK-dependent EC contraction, which should depend on the stiffness below the endothelium, since cells are able to exert larger (Fig. 6B) . Meanwhile, transmigration on the soft (0.87 kPa) substrate was unaffected (Fig. 6B) , likely because contraction was already suppressed due to the ECs' inability to exert large traction forces on a soft substrate. 23 Stiff substrates likely promote contraction through mechanotransduction events in EC integrin-to-extracellular matrix adhesions, possibly through talin activation. 39 Consistent with these results, it has been shown that inhibition of contraction reduces cell stiffness. 40 Together, these results support the situation described by the schematic in Fig. 6C .
Contractile forces (black arrows) due to actin-myosin activation are larger on stiff substrates and create intercellular gaps that are more permissible for neutrophil penetration; contraction is suppressed by soft substrates. When MLCK is inhibited, contractile forces on stiff substrates are reduced, leading to less transmigration, while inhibition of MLCK does not further reduce contractile forces on soft substrates, leading to no change in transmigration. The schematic in In addition to EC contraction, neutrophil contraction also contributes to transmigration, as inhibition of MLCK in neutrophils reduced (but did not block) transmigration on all substrates, including the soft ones. The result that transmigration was not completely blocked on soft substrates suggests that ICAM-1 levels (and likely other signaling molecules such as platelet EC adhesion molecule-1, PECAM-1) were high enough to support transmigration, even though neutrophil contraction was inhibited by drug treatment and EC contraction was reduced by substrate stiffness. Indeed, ICAM-1 is an important player and is necessary for transmigration, as the fraction of transmigrated neutrophils was directly related to the amount of ICAM-1 on the For personal use only. on July 14, 2017. by guest www.bloodjournal.org From 15 surface of the endothelium, even on stiff substrates where contraction was higher (Fig. S1) .
Specifically, when the ECs were not treated with TNF-α (low ICAM-1), we observed only ~1% transmigration on all substrates (Fig. S1) . These results provide evidence that even though EC contraction promotes transmigration, it alone is not sufficient to support transmigrationsignaling by adhesion molecules such as ICAM-1 is also necessary.
TNF-α is known to increase EC permeability to macromolecules both in vivo and in vitro 41 through long-term reorganization of junctional proteins such as occludin, junctional adhesion molecule-A (JAM-A), and the membrane-associated protein ZO-1, and not via Rho-, ROCK-and MLCK-mediated EC contraction. 42 Specifically, inhibiting MLCK during TNF-α treatment does not interfere with the increase in EC permeability over the 24 hour activation period. 42 Therefore, in our experiments, treatment of the HUVECs with ML-7 for one hour prior to transmigration assays did not reverse the effects of TNF-α-mediated permeability. Thus, the decrease in neutrophil transmigration that we observed through ML-7-treated endothelium on intermediate (5 kPa) and stiff (280 kPa) substrates (Fig. 6B ) reflects changes in EC contraction due to substrate stiffness (Figs. 6C, 7) and not due to a reversal of TNF-α-mediated permeability.
In explaining the result that stiff substrates promote neutrophil transmigration, we must also rule out possible effects of substrate stiffness on other properties of the endothelium. We have previously demonstrated that neutrophils are sensitive both to the stiffness of their substrate and also to the concentration of adhesion protein on the surface of their substrate. 8 In our in vitro model, prior to transmigration, the endothelium is the neutrophil "substrate."
Therefore, it makes sense that neutrophils would be sensitive to changes in either the amount of adhesion protein on the apical surface of the HUVECs, or to the actual stiffness of the monolayer. However, because ICAM-1 immunostaining indicated no change in the amount of ICAM-1 with substrate stiffness (Fig. 2) , it is unlikely that differences in this adhesion protein can
For personal use only. on July 14, 2017. by guest www.bloodjournal.org From explain the differences in transmigration behavior. Further, treatment with TNF-α to induce inflammatory conditions softened the monolayers on stiff substrates (Fig. 3B) , which is in agreement with previous studies on glass. 43 After this treatment, the average stiffness of the endothelium varied only 50-300 Pa between substrates (Fig. 3B) , depending on location. While the monolayer is fairly heterogeneous, 17 it is unlikely that neutrophil mechanosensing of endothelium stiffness caused an increase in transmigration from 51% to 91% from 0.42 kPa to 280 kPa, as mechanosensing typically occurs with changes in stiffness in the kilopascal range, not hundreds of pascals. 8 However, it is still possible that the small but significant increase in EC stiffness is a reflection of increased contractility on stiffer substrates. In addition to ICAM-1 expression and cell stiffness, we also investigated whether HUVEC F-actin organization, morphology (area and aspect ratio), or focal adhesions (number per area or size) could explain the increased transmigration on stiffer substrates; however, none of these properties could For personal use only. on July 14, 2017. by guest www.bloodjournal.org From change in neutrophil morphology, transitioning from protrusive to round, likely disrupted ECsubstrate adhesions. This would be an interesting avenue for future exploration. Secondly, a reduction in cell-cell adhesion on stiff substrates may partially explain hole formation. The result that neutrophil transmigration was increased on soft substrates, but not stiff substrates, by decreasing cell-cell adhesion with a VE-cadherin antibody (Fig. 6A) suggests that cell-cell adhesion was compromised on stiff substrates to a greater degree than soft substrates following TNF-α treatment; this could promote hole formation as well as neutrophil transmigration.
A third explanation for the formation of holes in the monolayers could be due to protease release by the neutrophils as they migrated between the gels and the endothelium. Neutrophil injury to the endothelium has previously been observed in vitro, 44, 45 and can be inhibited by tryptic, elastase, and serine protease inhibitors. 45 In this case, hole formation on the stiff substrates could be due to the fact that nearly twice as many neutrophils transmigrated in comparison with soft substrates (Fig. 1B) , resulting in more proteases. To address this, we simply halved the number of neutrophils added to the surface of the endothelium (10x10 5 to 5x10 5 ) and observed transmigration (Fig. 5A) . Interestingly, holes still formed with 5x10 5 neutrophils, and were similar in density and size to 10x10 5 neutrophils (Figs. 5B-C), indicating that it was not simply the number of transmigrated neutrophils which influenced hole formation on the stiff substrates. Thus, it seems plausible that increased contractile forces in ECs on stiff substrates promote retraction as neutrophil proteases act on the ECs. Further evidence for this hypothesis is our observation that ML-7 inhibited hole formation in ECs on stiff substrates.
Further reduction of the number of neutrophils plated (2x10 5 ) eliminated hole formation, signifying that neutrophils were responsible for hole formation, and that a threshold number were needed. Interestingly, the kinetics of hole formation aligned with neutrophil transmigration; that is, hole formation began around 25 minutes after plating neutrophils, a few minutes after the maximum fraction of neutrophils had transmigrated (Fig. 5A) . Thus, it is likely that protease
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In this work we varied the stiffness of the EC substrate in order to mimic changes which occur during cardiovascular disease 5 or cancer, 6 and possibly throughout the body depending on tissue location. Clinically, pulse wave velocity measurements have been used to determine that diseased arteries are consistently stiffer in patients with atherosclerosis or hypertension versus healthy patients. 2, 3 Further, in vivo AFM measurements of aortic vessels in living rats show a significant increase in blood vessel stiffness with vasodilation, and softening with vasoconstriction. 46 It is believed that the microcirculation also undergoes stiffening during hypertension, as pulse wave velocity waves reflect deep into microvasculature. 47 Thus, it is clear that cardiovascular disease leads to blood vessel stiffening, though further work has been necessary to demonstrate that the subendothelial matrix specifically varies in stiffness with disease.
AFM has been used to quantify ex vivo blood vessel mechanical properties. For example, physiological porcine aorta stiffness is 5-8 kPa. 24 Further, the arteries of ApoE-null mice, a model of atherosclerosis, are stiffer than wild type mice; healthy arteries measure 5kPa, while ApoE knockout vessels measure 28 kPa. 4 These measurements were made after the endothelium was scraped away and thus represent the stiffness of the EC substrate in an actual artery. Interestingly, the subendothelial and endothelial layers of bovine carotid arteries are similar in stiffness, around 2.5 kPa. 25 In another study, injury to the femoral artery increased vessel stiffness from 3 kPa to 10 kPa, indicating that injury can also affect stiffness of the vasculature. 48 Here, we observed a linear increase in transmigration from very soft (0.42-0.87 kPa) to the "healthy" range of subendothelial layer stiffness (3-5 kPa), reaching a threshold value in the "disease" stiffness range, from 13 or 280 kPa (Figs 1B-C).
It is also possible that the stiffness of blood vessels, specifically the microvasculature For personal use only. on July 14, 2017. by guest www.bloodjournal.org From where neutrophils most often transmigrate, depends on the mechanical properties of the surrounding tissue. For example, the stiffness of brain (0.3-0.5 kPa) is much less than that of collagenous bone (~100 kPa). 27, 37 Further, vasculature within the core of a tumor is stiffer than surrounding vasculature. 6 Thus, "healthy stiffness" likely depends on location within the body, as well as size of vessel, and our substrates span a large range of physiological stiffnesses, from 0.42 kPa to 280 kPa. Our lower range of subendothelial matrix stiffness (0.42-0.87 kPa) could be relevant in brain microvasculature where the blood vessel microenvironment is very soft (0.3-0.5 kPa as discussed above) or in development of future cardiovascular disease-targeting drugs which return elasticity to blood vessels; it would be important to understand how these potential drugs affect EC biomechanics and the immune response.
In summary, we have developed an in vitro model of the vascular endothelium using polyacrylamide gels of varying stiffness to investigate the effects of vasculature stiffness, both on the endothelium and on neutrophil transmigration. Interestingly, we observed increased neutrophil transmigration through ECs on stiffer substrates. Our results provide strong evidence that neutrophil transmigration is regulated by MLCK-mediated EC contraction, and that substrate stiffness mediates this response. Neutrophil transmigration also promotes EC retraction and large hole formation in endothelium on stiff substrates, an event which is further indicative of increased contractility. Myosin light chains may also be phosphorylated by Rho kinase during neutrophil transmigration 49 ( Fig. 7) , and therefore further experiments could test whether Rho kinase-dependent cell contraction also plays a role in how the endothelium substrate stiffness affects neutrophil transmigration. In addition, it would be interesting to investigate how MLCK-mediated EC contraction regulates paracellular versus transcellular neutrophil transmigration.
Our results suggest that neutrophil transmigration may vary with blood vessel mechanical properties, depending on location within the body and size. Further, these results 
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